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Abstract. Direct detection experiments have set increasingly stringent limits on the cross
section for spin-independent dark matter-nucleon interactions. In obtaining such limits,
experiments primarily assume the standard halo model (SHM) as the distribution of dark
matter in our Milky Way. Three astrophysical parameters are required to define the SHM:
the local dark matter escape velocity, the local dark matter density and the circular velocity
of the sun around the center of the galaxy. This paper studies the effect of the uncertainties
in these three astrophysical parameters on the XENON1T exclusion limits using the publicly
available DDCalc code. We compare limits obtained using the widely assumed escape velocity
from the RAVE survey and the newly calculated escape velocity by Monari et al. using Gaia
data. Our study finds that the astrophysical uncertainties are dominated by the uncertainty
in the escape velocity (independent of the best fit value) at dark matter masses below 6 GeV
and can lead to a variation of nearly 6 orders of magnitude in the exclusion limits at 4
GeV. Above a WIMP mass of 6 GeV, the uncertainty becomes dominated by the local dark
matter density, leading to uncertainties of factors of ∼10 (3) at 6 (15) GeV WIMP mass in
the exclusion limits. Additionally, this work finds that the updated best fit value for the
escape velocity based on Gaia data leads to only very minor changes to the effects of the
astrophysical uncertainties on the XENON1T exclusion limits.
ArXiv ePrint: 1904.04781
ar
X
iv
:1
90
4.
04
78
1v
3 
 [h
ep
-p
h]
  1
8 O
ct 
20
19
1 Introduction
While the evidence of gravitational interactions due to Dark Matter (DM) is well established
at a wide variety of scales and epochs in the universe, observation of DM interactions with the
Standard Model (SM) remains elusive. One of the most well-studied and theoretically well-
motivated DM candidates is the Weakly Interacting Massive Particle (WIMP). Signatures
of non-gravitational WIMP interactions can be searched for through missing energy searches
at LHC, by looking for the SM byproducts of WIMP annihilation in the Universe, and in
Direct Detection (DD) experiments.
Direct Detection experiments search for signatures of DM interactions with nuclei [1, 2].
A significant experimental program is underway to search for nuclear recoils arising from the
elastic scattering of WIMPs in the local DM halo. DD experiments are instrumented with
various technologies designed to detect recoils of nuclei or electrons with kinetic energies
as low as a few eV. In using experimental results to learn about dark matter properties,
assumptions must be made about the local DM distribution. In this paper, we discuss the
effect of several large astrophysical uncertainties in the DM distribution on the limits which
have been set on the spin-independent (SI) WIMP-nucleon cross section.
Results from direct detection experiments are often analyzed assuming a simple isother-
mal distribution of dark matter, the Standard Halo Model (SHM). Although the SHM has
been shown to be in tension with both cosmological simulations of galaxy formation and
observations of baryonic matter in dwarf galaxies within the local group, the SHM is a rea-
sonable first approximation for the calculation of the expected flux of DM particles at direct
detection experiments [3–5]. The effects of variations in astrophysical parameters on the
sensitivity of DD experiments, both within the context of and assuming various deviations
from the SHM, have been investigated (for example, see [6–14]). Previous work demonstrates
that variations in the escape velocity and circular velocity of dark matter could yield a shift
to exclusion limits at smaller WIMP masses in DD experiments (for example, see [7]). Inter-
esting recent work [15] argues for the existence of local tidal debris which would modify the
local distribution. These results rely on the argument that low metallicity stars serve as a
proxy for dark matter, an idea that is still a matter of debate, as discussed in, for example,
Ref. [16]. Ref. [16] also suggests a refinement to SHM to include the Gaia sausage, updates
values of some astrophysical parameters in SHM, and then calculates the effects of these
changes on the limits set by DD experiments. In the current paper, we restrict our studies to
the SHM, as this is the primary distribution used by DD experiments for the interpretation
of their data, and investigate the effect on dark matter exclusion limits of uncertainties in
the astrophysical parameters used to define the SHM .
We focus on the effects of three astrophysical parameters and their uncertainties on
dark matter DD studies: the local escape velocity, the local circular velocity of the solar
system around the galaxy and the local dark matter density. A variety of local and global
observations of the Milky Way suggest a wide range of possible values for the local DM density,
ρχ [17–30]. Although the recoil rate at DD experiments is simply ∝ ρχ, the uncertainty in
the sensitivity of such experiments due to other astrophysical parameters is exacerbated
by the possibly large variations in the local DM density. Especially at low WIMP masses,
mχ <∼ 15GeV, nuclear recoils with enough kinetic energy to be detected above threshold at
DD experiments must be induced by WIMPs at the high velocity tail of the local phase
space distribution. Thus, uncertainties both in the shape of the local velocity distribution,
characterized by the local circular velocity, and in the local escape velocity can significantly
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impact the sensitivity of DD experiments to low mass WIMPs.
In this paper, we investigate the impact of astrophysical uncertainties on the sensitivity
of current DD experiments. Specifically, we use DDCalc software [31] to perform a likelihood
analysis of the sensitivity of XENON1T [32] to low mass WIMPs while sampling values
of the relevant astrophysical parameters from the latest observational data. For the local
escape velocity, we compare the sensitivity of DD experiments using the results of the RAVE
survey [33] and a recent analysis of Gaia-DR2 [34]. We show that, for very low WIMP masses
which would only produce recoils near the threshold of DD experiments, the sensitivity can
vary by several orders of magnitude in the WIMP-nucleon cross section assuming either
measurement of the escape velocity. Thus, a more precise determination of the escape velocity
from data could significantly reduce the astrophysical uncertainties in DD experiments. Also,
we find that the astrophysical uncertainties in the XENON1T exclusion limits are similar
when assuming either the results of the RAVE survey or the more recent determination of
the escape velocity based on Gaia data.
This paper is structured as follows: in Section 2 we discuss the relevant astrophysical
parameters and their uncertainties, in Section 3 we present the results of the likelihood
analyses and in Section 4 we discuss our conclusions.
2 Astrophysical Parameters
The differential recoil rate for the elastic scattering of target nuclei in DD experiments (per
unit target mass) can be written as a function of the momentum transfer between the WIMP
and the nucleus q, and WIMP velocity v, in the lab frame
dR
dER
= 2
ρχ
mχ
∫
d3v vf(v)
dσ
dq2
(q2, v) , (2.1)
where the differential SI WIMP-nucleus scattering cross-section is given by
dσ
dq2
(q2, v) =
[Zfp+(A−Z)fn]2
piv2
F 2(q)Θ(qmax − q)
≈ 1
4µ2pv
2A
2σSIF
2(q)Θ(qmax − q) , (2.2)
with Z as the atomic number, A the atomic mass, fp the dark matter coupling to protons,
fn the dark matter coupling to neutrons, and F the nuclear form factor. The form factor ac-
counts for the fact that as the energy of the dark matter particle increases, it will eventually
only elastically scatter off individual nucleons rather than coherently scattering off the nu-
cleus. We have assumed isospin conserving couplings (i.e. fp ' fn) in the second equivalence
to write the recoil rate in terms of the SI WIMP-nucleon cross section, σSI, and the reduced
mass of the WIMP-nucleon system, µp. Also, note that, for the small momentum transfers
typical of low mass WIMPs scattering off nuclei, the nuclear form factor F 2(q) ≈ 1.
The Heaviside step function in Eq. 2.2, Θ(qmax − q), which arises from the maximal
momentum transfer allowed by the elastic scattering kinematics, can be exchanged for a
minimum velocity imposed on the phase space integral in Eq. 2.1, which we can rewrite as
dR
dER
=
ρχ
mχ
A2
2µ2p
σSI
∫
v>vmin
d3v
f(v)
v
, (2.3)
– 3 –
where vmin =
√
MER/2µ2 for a target nucleus of mass M with the reduced mass of the
WIMP-nucleus system µ. We assume the WIMP velocity distribution is given by a truncated
Maxwell-Boltzmann distribution of the form
f(v) =
1
Nesc
(
piv20
)3/2 exp
(
−|v + vE |
2
v20
)
Θ(vesc − |v + vE |) , (2.4)
where vE is the velocity of the Earth relative to the galactic rest frame, v0 is the local circular
velocity and vesc is the local escape velocity. The normalization of the velocity distribution
is given by
Nesc = erf
(
vesc
v0
)
− 2√
pi
vesc
v0
exp
(
−v
2
esc
v20
)
. (2.5)
In a self-consistent model of the Milky Way, the astrophysical parameters ρχ, v0 and vesc
will not be independent [9, 10, 14, 35]. However, given both the variation between different
observations and the large uncertainties of individual measurements, for simplicity we ignore
correlations between astrophysical parameters in the SHM.
We note that, for low mass WIMPs such that mχ M , we have vmin '
√
MER/2m2χ.
Thus, for a fixed nuclear recoil energy ER, the minimum kinematically allowed WIMP velocity
will increase for smaller WIMP masses. Also, the mean inverse speed, given by the integral
over the velocity distribution in Eq. 2.3, becomes increasingly dependent on the value of
vesc as mχ decreases. While the value for vesc in Eq. 2.4 determines the lower threshold for
sensitivity to WIMPs with smaller mχ at a given experiment, the sensitivity to WIMPs with
masses slightly above this threshold will also be determined by the shape of the velocity
distribution, characterized by the local circular velocity v0. In contrast, vmin is low enough
for high mass WIMPs that the sensitivity of DD experiments is only slightly dependent on
the shape and cut-off of the velocity distribution.
2.1 Local dark matter density
In DD experiments, the most commonly used values for the local dark matter density are
either ρχ = 0.3 GeV/cm
3 or ρχ = 0.4 GeV/cm
3, while a considerably wider range of measured
values is possible. Recent measurements suggest the local dark matter density should lie in
the range of (0.2−0.6) GeV/cm3 as discussed in Refs. [10, 36]. The relative errors of individual
measurements of the local dark matter density are dominated by systematics and are typically
≈ 30% of the central value, as suggested by Ref. [16]. In our work, we present the effects of
variation in the local dark matter density on the sensitivity of DD experiments in two ways.
First we sample a uniform distribution of ρχ between (0.2−0.6) GeV/cm3. As the individual
error bars of each of the measurements of the dark matter density do not overlap for the most
part, we sample a uniform distribution over the most likely range of the density. Secondly,
since the sensitivity of a given DD experiment has a simple linear scaling with ρχ, we also
wanted to independently analyze the effects of the uncertainty in the velocity distribution by
choosing four discrete values of ρχ : (0.3, 0.4, 0.5, 0.6) GeV/cm
3.
Finally, to check the impact of uncertainties from individual measurements of the dark
matter density, we also sample a Gaussian distribution with central value 0.3 GeV/cm3 and
standard deviation 0.09 GeV/cm3 (30% of the central value). Assuming the Gaussian distri-
butions for the local circular and escape velocities decribed below, we find that the sets of
exclusion curves in the case of a Gaussian dark matter density distribution are essentially
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the same as exclusion limits in the case of the uniform distribution described above. The
reason for this similarity is straightforward given the linear relationship between the exclu-
sion limits and the dark matter density; the values of the dark matter density falling within
∼ 1σ of the central value corresponds to a range which resembles a uniform distribution of
(0.2−0.4) GeV/cm3. Below we will therefore present results only for the two cases of uniform
density distribution between (0.2 − 0.6) GeV/cm3 and the four discrete values listed in the
previous paragraph.
2.2 Local circular velocity
For the value for the local circular velocity of the Sun around the center of galaxy we will use
v0 = 220 km/s [10]. The largest uncertainty for the value of v0 among recent measurements
arises from the orbit of the GD-1 stellar stream, which has a value of 18 km/s or about 8.1%
of the central value. Since the error bar for v0 in this case is symmetric about the central
value, we assume v0 will follow a normal distribution with central value v0 = 220 km/s and
dispersion 18 km/s. We note that more precise determinations of the local circular velocity
with central values of ∼230 km/s have recently been reported in Refs. [37, 38], while similarly
high values of the local circular velocity can be inferred from the proper motion of Sgr A* [39]
with recent estimates of the solar radius (for example, see [40, 41]). Although assuming a
central value of v0 = 230 km/s can have a small impact on our results near the low WIMP
mass threshold for DD experiments, the differences between the most probable values of
the exclusion curves are negligible compared to uncertainty bands, which span at least one
order of magnitude in the SI WIMP-nucleon cross section at low WIMP masses. In addition,
assuming a more precise measurment of the circular velocity with an uncertainty closer to 1%
of the central value causes the widths of the uncertainty bands to shrink by an O(1) factor
which depends on mχ and the other astrophysical parameters.
2.3 Local escape velocity
We compare the results of DD experiments using two measurements of the local escape veloc-
ity: the latest result vesc = 580± 63 km/s from the DR2 of the Gaia survey [34] (referred to
as Monari et al. escape velocity) and an older (commonly used) value vesc = 533
+54
−41 km/s [33]
from the RAVE survey (referred to as RAVE escape velocity). The errors of these two mea-
surements are about 10% of the central values. In the Monari et al. result, the error bar is
symmetric about central value, so for vesc we again assume it will follow a normal distribu-
tion. In the RAVE result, the uncertainties are asymmetric and, thus, applying a method
suggested by Ref. [42], the escape velocity from RAVE survey can be assumed to follow a
probability distribution given by
f(vesc) =
1
N
exp
−1
2
 ln
(
1 + vesc−v0escγ
)
lnβ
2
 , (2.6)
where v0esc = 533 km/s is the central value, γ =
σ+σ−
σ+−σ− , β =
σ+
σ− , σ+ = 54 km/s, σ− =
41 km/s, and N is the normalization factor. Note that in this choice for the distribution
function, the probability that vesc ≤ 362 km/s is zero. However, vesc = 362 km/s is signif-
icantly less than the central value of v0esc = 533 km/s, so this assumption of distribution
function does not affect our results. One of the main purposes of this work is to determine
how the different measurements of the escape velocity impact the exclusion limits of DD
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experiments. We note that a recent determination of the local escape velocity, which also
uses the most recent Gaia data but does not assume the velcoity distribution of halo stars
is isotropic, gives a value of vesc = 528
+24
−25 km/s [43]. Although the central value given in
Ref. [43] is more consistent with the RAVE escape velocity, we will demonstrate that even the
larger central value of the Monari et al. escape velocity does not broadly change the effects
of astrophysical uncertainties on the senstivity of DD experiments.
3 Results
We have performed Monte Carlo simulations of the generated exclusion curves for XENON1T
experiment based on their 2017 analysis [32]. At a given dark matter mass, we draw 105
points from the previously described distributions of the three astrophysical parameters and
calculated the associated exclusion limits on the SI WIMP-nucleon scattering cross section
using the DDCalc software [31]. The most probable value at a given WIMP mass is located
at the peak of the histogram of the generated exclusion limits. In the following sections,
the 2σ region around the respective peaks of the histograms for each WIMP mass is also
referred to as the uncertainty band. We note that, due to the loss of detector efficiency
and correspondingly high WIMP velocities required for low mass WIMPs to induce nuclear
recoils above threshold, DDCalc only calculates limits based on the XENON1T analysis for
WIMP masses mχ ≥ 3.9 GeV. Since the sensitivity of DD experiments to elastic scattering
induced by higher mass WIMPs only trivially depends on ρχ, we also require mχ ≤ 15 GeV
in our analysis.
An example histogram is shown using the Monari escape velocity for a 4 GeV WIMP
in Fig. 1 with the 1σ region shaded light grey and the 2σ region shaded dark grey, while the
black shaded region lies outside of the 2σ uncertainty band. We find that the distribution of
limits on the SI WIMP-nucleon scattering cross section has a very long tail extending towards
the higher/weaker cross section limits. The long tail corresponds to the smaller values of vesc,
where the sensitivity of an experiment is highly dependent on the escape velocity. In this
region of parameter space with a small WIMP mass and small value for the escape velocity,
there is a very strong suppression of the number of expected events above the experimental
threshold for the SHM. Thus, a modest change in vesc can lead to an orders of magnitude
variation in the exclusion limit. Because the relative uncertainties of the Monari and RAVE
escape velocity measurements are similar and the central value of the RAVE result is lower
than the central value in Monari et al., the lower end of the RAVE vesc distribution reaches
smaller velocities. Thus, one would expect not only a weakening of the most probable limits
at low WIMP masses assuming the RAVE escape velocity, but also a slightly longer tail in
the distribution of exclusion limits at higher cross sections.
3.1 Sampling three parameters
In this subsection, we present the results of our Monte Carlo simulation of 105 points drawn
from a uniform distribution for ρχ between (0.2 − 0.6) GeV/cm3 as well as the previously
described distributions for the local escape velocity and the local circular velocity. In Fig. 2,
the most probable values as well as the 2σ regions of exclusion curves for both the Monari
escape velocity and the RAVE escape velocity are plotted based on the analysis of XENON1T
data. Very little difference is found in the most probable exclusion curves assuming either the
Monari or RAVE distributions for the escape velocity. Even when the WIMP mass is below
6 GeV where the difference is the greatest, the two curves are very similar and any deviations
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Figure 1. A histogram of 105 exclusion limits on SI WIMP-nucleon scattering cross section set by
the XENON1T experiment [32] for mχ = 4 GeV and sampling over three astrophysical parameters:
the local dark matter density ρχ which is assumed to be a uniform distribution between 0.2 and
0.6 GeV/cm3, while the other two parameters are Gaussian distributed with local escape velocity
vesc = 580 ± 63 km/s (the Monari result) and local circular velocity v0 = 220 ± 18 km/s. The 1σ
and 2σ regions are shaded light and dark grey, respectively, on the histogram, while the black shaded
region lies outside of the 2σ uncertainty band. The corresponding histogram for the RAVE [33] escape
velocity (not shown) looks very similar with small shift to weaker cross section limits. The uncertainty
in the cross section limit at low WIMP masses is dominated by the escape velocity, causing the very
long tail towards weaker limits due to the very strong suppression of the number of expected recoil
events above threshold in a DD experiment.
remain well within the 2σ ranges. As expected, the Monari et al. most probable exclusion
curve is slightly below the RAVE most probable exclusion curve because the Monari escape
velocity has a larger central value for vesc than the RAVE result. The sensitivity of DD
experiments to low mass WIMPs increases with larger escape velocities because the higher
WIMP velocities induce nuclear recoils with energies sufficiently above the experimental
threshold. Similarly, the smaller escape velocities from the RAVE distribution explains why
the 2σ range extends to higher cross sections at low WIMP masses.
3.2 Sampling two parameters
In this subsection, we fix the local dark matter density to four discrete values in the range
(0.2 − 0.6) GeV/cm3 and draw 105 Monte Carlo samples from the distributions for v0 and
vesc. The purpose of this sampling strategy is to determine the effects of the new, larger
central value of the escape velocity from the Gaia data independently of variations in the
dark matter density.
We show the most probable exclusion curves as well as the uncertainty bands corre-
sponding to a fixed value of ρχ = 0.3 GeV/cm
3 in Fig. 3. We find the uncertainty bands
shrink quickly as the WIMP mass increases, from about 6 orders of magnitude at 4 GeV to a
factor of ∼1.6 at 15 GeV. In the previous subsection, in which ρχ is uniformly distributed, the
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Figure 2. The most probable value of the exclusion curve from the XENON1T experiment [32] for
the SI WIMP-nucleon cross section along with the corresponding 2σ ranges (hatched regions) using
the Monari and RAVE escape velocities. A uniform distribution for ρχ between 0.2 and 0.6 GeV/cm
3
is sampled while v0 and vesc are distributed as described in the text. Left panel: exclusion curves in
the range of WIMP masses 3.9–15 GeV. Right panel: exclusion curves zoomed in to WIMP masses
below 6 GeV.
width of uncertainty bands becomes approximately constant at a factor of ∼3 as the WIMP
mass approaches 15 GeV. From this comparison, we can conclude that the uncertainty of
the exclusion curve at WIMP masses greater than 6 GeV mainly comes from the uncertainty
in local dark matter density. A more accurate estimate of ρχ could significantly reduce the
width of the uncertainty bands on the corresponding exclusion curves. We also notice the
consistency of the most probable exclusion curves for Monari et al. and RAVE when either
scanning over or fixing the dark matter density. This consistency reflects the independence
of exclusion limits for WIMPs with masses above 6 GeV from uncertainties in the best fit
values of the escape velocity.
At lower WIMP masses, however, a difference between the most probable exclusion
curves for Monari et al. and RAVE can be observed, as displayed in Fig. 3. Comparing Fig. 2
and Fig. 3, we can see the differences between the most probable exclusion curves for limits
calculated using the Monari et al. and RAVE data found in Fig. 3 are similar to differences
between the most probable exclusion curves when scanning over the uncertainty in local
dark matter density in Fig. 2. Even though the most probable exclusion curves can differ
significantly at low WIMP masses, the uncertainty bands using the Monari et al. and RAVE
data broadly overlap regardless of whether the dark matter density is fixed or not. Thus,
more precise measurements of the escape velocity could significantly reduce the astrophysical
uncertainties associated with the sensitivity of DD experiments to low mass WIMPs.
We also performed Monte Carlo simulations of additional fixed values of the dark matter
mass extending up to 0.6 GeV/cm3. In each of these cases, the overall shapes of the curves
remained approximately constant. The main change is the curves are scaled vertically to
lower/stronger values of the SI WIMP-nucleon cross section limit at all WIMP masses by the
ratio of the dark matter density to 0.3 GeV/cm3. As the nuclear recoil spectrum is directly
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Figure 3. The most probable value of the exclusion curve from the XENON1T experiment [32] for
the SI WIMP-nucleon cross section along with the corresponding 2σ ranges (hatched regions) using
the Monari and RAVE escape velocities. Here ρχ is taken to be 0.3 GeV/cm
3 Left panel: exclusion
curves in the range of WIMP masses 3.9–15 GeV. Right panel: exclusion curves zoomed in to WIMP
masses below 6 GeV. Above WIMP mass 6 GeV, comparison to Fig. 2 indicates the uncertainty from
local dark matter density begins to dominate; below 6 GeV, the uncertainty from escape velocity
dominates.
proportional to ρχ, this is the expected scaling of cross section limits with the local dark
matter density.
4 Conclusions
In this work we have examined the effects of astrophysical uncertainties on the exclusion
limits set by XENON1T [32]. While this work was originally motivated by the new value for
the escape velocity measured using Gaia data [34], we expanded our analysis to include the
uncertainties on the local dark matter density and speed of the Sun’s orbit around the galactic
center. We utilized the DDCalc software [31] to perform the likelihood analyses. To our
knowledge, this is the first work that uses DDCalc to quantify these effects specifically for the
standard halo model. As this is the model that is canonically assumed in the production of all
direct detection exclusion limits, understanding the impact of the astrophysical uncertainties
of this model on these limits is important. These uncertainties are typically neglected when
collaborations present their final limits.
Several general features emerge from our analysis. Above a WIMP mass of 6 GeV, the
uncertainty of the limits on the SI WIMP-nucleon cross section is dominated by the local dark
matter density. The 2σ range for the exclusion limit when sampling a uniform distribution
of ρχ approaches a factor of ∼3 as the WIMP mass increases to 15 GeV and a more accurate
estimate on ρχ is thus the most important parameter to reduce the effect of astrophysical
uncertainties in this mass range. At smaller WIMP masses, where the uncertainty of the
escape velocity begins to dominate, we have demonstrated that the associated uncertainty
– 9 –
band is ∼6 orders of magnitude wide in the cross section near a WIMP mass of 4 GeV. This
band is highly asymmetric extending to larger cross sections (weaker limits) as the WIMP
mass decreases. The experimental sensitivity is a very strong function of vesc as the WIMP
mass decreases, leading to much weaker exclusion limits for fairly modest decreases in the
escape velocity.
The astrophysical uncertainties calculated in this work are larger than the statistical
fluctuations in the background presented in the XENON1T cross section limits at low WIMP
masses. For example, the 2σ band of the expected limit from the statistical fluctuations in
the background at mχ = 7 GeV is less than a factor of ∼3 in the XENON1T analysis. By
contrast, when we assume a fixed ρχ while allowing v0 and vesc to vary given their respective
uncertainties in Fig. 3, the astrophysical uncertainties yield more than a factor of ∼6 variation
in the exclusion limit on the SI WIMP-nucleon scattering cross section for mχ = 7 GeV. If
properly incoperated into the Xenon1T likelihood analysis, astrophysical uncertainties in
the signal can weaken exclusion limits on the SI WIMP-nucleon scattering cross section at
low WIMP masses while the statistical fluctuations in the background should remain roughly
constant. The effects of astrophysical uncertainties are important to consider when comparing
limits generated by xenon-based experiments to experiments focused on detecting low mass
dark matter. Targets in low mass dark matter searches are often composed of lighter nuclei
and the experiments typically have lower nuclear recoil energy thresholds. Although the
astrophysical uncertainties from the local escape velocity will still eventually dominate the
uncertainty, results from direct detection experiments with lighter target nuclei and lower
thresholds should be more robust at lighter WIMP masses.
Additionally, we find that the updated best fit value for the escape velocity based on
Gaia data does not have a large effect on the astrophysical uncertainties related to the
XENON1T limit. In particular, the differences between the most probable exclusion limits
for the different measurements of the escape velocities are well within the 2σ uncertainty
ranges for the astrophysical uncertainties.
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